A new series of Ln 3+ and Ln 2+ complexes has been synthesized using the tris(aryloxide)arene ligand system, Structural comparisons of 1-Ln and 2-Ln are presented with respect to their uranium analogs and correlated with density functional theory calculations on their electronic structures.
Introduction
Recently, the reduction of the tris(cyclopentadienyl) rare-earth metal complexes, Cp 
3-5
To enable a direct comparison of the new 4f 3 Ln] complexes were synthesized for the entire lanthanide series (except Pm, which was not studied due to its radioactivity), eqn (1) . This revealed that in the (Cp U], 2-U, eqn (2).
11,12
Previous DFT studies on 1-U revealed two SOMOs with d backbonding interactions with f orbitals and one SOMO containing a non-bonding uranium 5f electron; 2-U is similar except there are two non-bonding uranium 5f electrons. Hence, computational analysis of 2-U was consistent with an S ¼ 2, 5f 4 ArOH) 3 mes, eqn (3), and identied by X-ray crystallography, Fig. 1 . The Gd, Dy, and Er complexes crystallize in the P2 1 /c space group and are isomorphous. 1-Nd also crystallizes in P2 1 /c and is similar in structure, but is not isomorphous with the other 1-Ln compounds (see ESI † for details). In comparison, 1-U crystallizes in P 1.
(1)
The structural parameters of 1-Ln follow a regular trend based on the metal ionic radii, complex are shorter than those of the lanthanides. This difference can be rationalized by greater orbital overlap between the ligand orbitals and the 5f vs. the 4f metal orbitals. Regardless of these differences, the average C-C bond distances in the arene ring are within error of those of the free ligand, ( Ad,Me ArOH) 3 -mes, whose structure was determined as part of this study (see ESI †). Thus there is no evidence of reduction of the arene ring.
Reduction reactions
Reduction of each 1-Ln complex was carried out in 1 : 1 THF/ C 6 H 6 with potassium graphite (KC 8 ) in the presence of 2.2.2-cryptand (crypt). In each case, highly absorbing red-colored solutions were obtained that were reminiscent of the intensely-colored solutions produced in the reductions of the Cp ). Although all of these absorption bands for 2-Ln are broad, they appear to follow a trend in which the absorption energy decreases with increasing atomic number. Single crystals of the reduction products were obtained for Ln ¼ Nd, Gd, Er, and Dy and are described below.
Neodymium
Reduction of 1-Nd produced a new example of a Nd 2+ complex,
ArO) 3 ArO) 3 mes)Nd], 1-Nd, with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. ArO) 3 mes)Ln] with Ln ¼ Nd (black), Gd (purple), Er (green), and Dy (blue), recorded in THF at 298 K. The solutions were generated from crystals of 2-Nd, 2-Ln/3-Ln (Ln ¼ Gd, Er), and 5-Dy/6-Dy. Extinction coefficients, 3, for 2-Ln (Nd, Gd, Er) and 5-Dy were calculated using concentrations of Ln 2+ estimated using Ln(1) occupancy from the crystallographic data.
Gadolinium and erbium
Reductions of 1-Gd and 1-Er, performed in a manner analogous to that of eqn (4), produced dark red single crystals suitable for X-ray diffraction that appeared to be isomorphous with 2-Nd (see ESI †). However, the crystallographic data were best modeled by a mixture of two complexes: the divalent [K(crypt)] [(( Ad,Me ArO) 3 Single crystals of 2-Gd/3-Gd dissolved in THF display a single isotropic signal at g iso ¼ 1.990 in the room temperature X-band EPR spectrum, Fig. 5a . This is similar to the X-band EPR spectra of the crystallographically-characterized Gd 2+ complexes, This journal is © The Royal Society of Chemistry 2017 latter process would be favored in this regard. Elimination of the half-lled shell is why the calculated redox potential for a 4f 7 /4f 8 process is so high, À3.9 V vs. SHE, 54 whereas the observed gadolinium reduction must occur at potentials less negative than À2.9 V vs. SHE. The X-band EPR spectrum recorded in frozen THF solution at 10 K, shown in Fig. 5b 
Structural comparisons
Structural data on 2-Nd and the co-crystallized 2-Gd/3-Gd, 2-Dy/ 3-Dy, 2-Er/3-Er, 2-Dy/4-Dy, and 5-Dy/6-Dy mixtures are given in Table 2 , along with the data for 2-U. In contrast to the data on the Ln 3+ 1-Ln complexes shown in Table 1 , the structural data on the mixtures presented in Table 2 3 
mes)Dy]
À anion, 2-Dy and 5-Dy, illustrate the complicated nature of these structural data. As a result, only the metrical data for 2-U and 2-Nd will be compared. A comparison of the divalent complexes 2-Nd and 2-U, along with their trivalent analogs, is given in Table 3 . The structural data on 2-Nd show that the metal center is 0.123Å closer to the arene centroid than in 1-Nd. This change is not as large as the 0.17Å difference between 1-U and 2-U, which is likely due to the limited radial extension of the 4f orbitals vs. the 5f orbitals.
56
Just as in 2-U, the arene carbon atoms are approximately planar in 2-Nd and the C-C(arene) bond lengths only increase by approximately 0.01Å. This is consistent with reduction of the metal and not the arene. As analyzed for uranium, the contraction of the M-(arene centroid) distance between 1-Nd and 2-Nd could suggest a greater interaction between the metal and arene due to a change in charge distribution.
Theoretical insight
Density functional theory (DFT) calculations using the TaoPerdew-Staroverov-Scuseria (TPSS) functional 57 and mixed basis sets were carried out on 1-Nd, 2-Nd, and 2-Gd (see ESI for further details †).
58,59 For 1-Nd and 2-Nd, the calculated structural parameters match those observed within 0.04Å (Table S5 , ESI †). The three valence electrons of 1-Nd occupy predominantly 4f-type orbitals with little observable interaction with the mesitylene ring. This differs from 1-U as expected for a 4f vs. 5f system.
11 Calculations on 2-Nd suggest a quintet ground state with two electrons in f orbitals and two electrons in f/p* orbitals of d symmetry (see Tables S6 and S7 †) ; the corresponding four SOMOs are shown in Fig. 7 . This orbital picture resembles that of 2-U. 12 The lowest unoccupied orbital with d-orbital character for 2-Nd is about 2.9 eV above the HOMO and has d z 2 character (see Fig. S11 , ESI †). Hence, the DFT calculations suggest that the (( Ad,Me ArO) 3 mes) 3À ligand system favors a formal 4f 4 electron conguration for Nd 2+ rather than a 4f 3 5d 1 conguration Table 2 Selected bond lengths (Å) and angles ( ) of 2-U, 2-Nd, 2-Gd/3-Gd, 2-Er/3-Er, 2-Dy/4-Dy, and 5-Dy/6-Dy 7 . DFT calculations on 2-Gd proved to be more challenging. The ground state of 2-Gd is a nonet (8 unpaired electrons) with a 4f 7 (5d/6s) 1 conguration for the Gd atom (Fig. 8) . This result is similar to the 4f 7 5d 1 conguration observed for [K(crypt)]
[Cp 0
3 Gd], except that the SOMO has 6s as well as 5d character. A nonet ground state is also supported by the observable EPR spectrum for 2-Gd (Fig. 5) . However, the computed metal-arene bond-distance (3.17Å) is larger than the experimentally observed bond-distance (2.29Å) and the calculated metal outof-plane distortion (À0.28Å) is in a direction opposite to the experimental value (0.578Å), see Table S5 , † indicating that the DFT results for 2-Gd need to be interpreted with caution. The potential energy prole along the Gd out-of-plane distortion is fairly shallow and has several minima with different electronic character, and the DFT picture may not adequately capture the multi-congurational nature of the nonet ground state. In any case, it appears that the (( Ad,Me ArO) 3 ligand has considerable exibility in binding heavy metals.
Experimental details
The syntheses and manipulations described below were conducted under an argon atmosphere with rigorous exclusion of air and water using glovebox, vacuum line, and Schlenk techniques. Solvents were sparged with ultrahigh purity (UHP) grade argon (Airgas) and passed through columns containing Q- 1 H NMR (500 MHz) spectra were obtained on a Bruker GN500 or CRYO500 MHz spectrometer at 298 K. IR samples were prepared as KBr pellets and the spectra were obtained on either a Varian 1000 or Jasco 4700 FT-IR spectrometer. Elemental analyses were performed on a PerkinElmer 2400 series II CHNS elemental analyzer. Electronic absorption spectra were obtained in THF or benzene at 298 K using a Varian Cary 50 Scan UV-vis or Jasco V-670 UV/Vis/NIR/MIR absorption spectrometer. EPR spectra were collected using Xband frequency (9.3-9.8 GHz) on a Bruker EMX spectrometer equipped with an ER041XG microwave bridge and the magnetic eld was calibrated with DPPH (g ¼ 2.0036).
[(( Ad,Me ArO) 3 
mes)Nd], 1-Nd
In an argon-lled glovebox, a sealable 100 mL side-arm Schlenk ask equipped with a greaseless stopcock was charged with a solution of ( Ad,Me ArOH) 3 X-ray data collection, structure determination, and renement
Crystallographic details for compounds 1-Ln (Ln ¼ Nd, Gd, Dy, and Er), 2-Nd, 2-Ln/3-Ln (Ln ¼ Gd, Dy, Er), 2-Dy/4-Dy, and 5-Dy/ 6-Dy are summarized in the ESI. †
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